The vacuolar ATPases (V-ATPases) are a family of proton pumps that couple ATP hydrolysis to proton transport into intracellular compartments and across the plasma membrane. They function in a wide array of normal cellular processes, including membrane traffic, protein processing and degradation, and the coupled transport of small molecules, as well as such physiological processes as urinary acidification and bone resorption. The V-ATPases have also been implicated in a number of disease processes, including viral infection, renal disease, and bone resorption defects. This review is focused on the growing evidence for the important role of V-ATPases in cancer. This includes functions in cellular signaling (particularly Wnt, Notch, and mTOR signaling), cancer cell survival in the highly acidic environment of tumors, aiding the development of drug resistance, as well as crucial roles in tumor cell invasion, migration, and metastasis. Of greatest excitement is evidence that at least some tumors express isoforms of V-ATPase subunits whose disruption is not lethal, leading to the possibility of developing anti-cancer therapeutics that selectively target V-ATPases that function in cancer cells.
I. INTRODUCTION
V-ATPases are ATP-driven proton pumps that function in a wide array of normal physiological processes, many of which are altered in cancer (17, 25, 46, 77, 115, 192) . They couple the energy released from ATP hydrolysis to the transport of protons out of the cytosol into either the lumen of intracellular compartments or, for V-ATPases present in the plasma membrane, into the extracellular space. This review is focused on the role of V-ATPases in tumor cell growth, survival, signaling, and metastasis and concludes with a discussion of V-ATPases as a potential target in the development of anti-cancer therapeutics. To understand the function of V-ATPases in cancer and to explore the possibility of exploiting this role to inhibit the growth and metastasis of tumor cells, we will first briefly review the role of V-ATPases in normal processes and some aspects of their structure and regulation.
A. Function of V-ATPases
V-ATPases are present in both intracellular membranes such as lysosomes, endosomes, and secretory vesicles and, for specialized cells, the plasma membrane. V-ATPases within lysosomes create the luminal acidic environment required for the degradation of proteins by acid-dependent proteases called cathepsins (225) . The pH gradient across lysosomal membranes is also utilized to drive the coupled transport of many small molecules and ions, including amino acids (which are primarily exported into the cytosol following protein degradation) and Ca 2ϩ (151) . The proton gradient across the membranes of secretory vesicles is also used to drive the coupled transport of small molecules, particularly neurotransmitters such as norepinephrine (165) . V-ATPases are electrogenic proton pumps (i.e., they create a luminal positive transmembrane potential), and this membrane potential drives the uptake into synaptic vesicles of glutamate, a particularly important neurotransmitter in the brain (130). Proteolytic processing of prohormones in secretory vesicles, such as cleavage of proinsulin, also depends on the acidic pH created by the V-ATPases (157).
V-ATPases within endosomes function in membrane trafficking processes, including receptor-mediated endocytosis and intracellular trafficking of lysosomal enzymes. V-ATPase-dependent acidification of early endosomes provides the low pH signal that causes endocytosed ligands, such as low-density lipoprotein (LDL), to dissociate from their receptors (49). This dissociation is in turn required for recycling of the receptors to the plasma membrane and targeting of the released ligands to the lysosome for degradation. Endosomal acidification is also involved in the budding of endosomal carrier vesicles that transport cargo between early and late endosomes (57) as well as in the trafficking of newly synthesized lysosomal enzymes from the Golgi to the lysosome utilizing the mannose-6-phosphate receptor, which interacts with lysosomal enzymes bearing a mannose-6-phosphate recognition marker in a pH-dependent manner (87). The V-ATPase has also recently been shown to function at the earliest stages of clathrin-coated vesicle formation (88). It should be noted that a number of pathogens, including envelope viruses such as influenza virus and Ebola virus, and toxins, such as diphtheria toxin and anthrax toxin, gain access to the cytoplasm of infected cells via acid-dependent fusion or poreforming events that occur within endocytic compartments (56). There is also evidence from studies in Saccharomyces cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and Mus musculus that the integral V 0 domain of the V-ATPase (see below) may play a role in membrane fusion independent of acidification (34, 61, 100, 148, 149, 191) .
Plasma membrane V-ATPases are primarily present in specialized cells. In osteoclasts, V-ATPases are targeted to the ruffled border in contact with bone and provide the acidic extracellular environment that is essential for bone resorption (102). Defects in the plasma membrane V-ATPase in osteoclasts lead to loss of bone resorption and development of the disease osteopetrosis, which is characterized by highly brittle bone and skeletal defects during embryonic development (102). In renal alpha intercalated cells of the late distal tubule and collecting duct, the V-ATPase is targeted to the apical membrane and is involved in acid secretion into the urine (17) . The density of V-ATPases in the apical membrane of intercalated cells is tightly controlled in response to plasma pH through exocytic insertion and endocytic retrieval of pumps. A decrease in plasma pH results in an increase in the number of V-ATPases at the apical surface which, in turn, increases acid secretion into the urine. V-ATPases in the kidney are thus important in pH homeostasis. In the male reproductive tract, V-ATPases are present in the apical membrane of epididymal clear cells and function to maintain an acidic pH in the epididymal lumen that is essential for normal sperm development and storage (17) . V-ATPases have also been implicated in left-right patterning during vertebrate development, with the pump's ability to generate a membrane potential apparently key to its function (1, 2).
B. Structure and Mechanism of the V-ATPases
The V-ATPases are large, multisubunit complexes organized into a peripheral V 1 domain that carries out ATP hydrolysis and an integral V 0 domain responsible for proton transport (FIGURE 1; see Ref. 232 for a recent model based on cryoelectron microscopy). V 1 is composed of eight different subunits (A-H) present in a stoichiometry of A 3 B 3 CDE 3 FG 3 H, whereas the V 0 is composed of five subunits (a,c,c",d,e) in a stoichiometry of ac 9 c"de. The yeast enzyme contains an additional proteolipid subunit c' (152) , and some mammalian enzymes also contain additional accessory proteins that may not be part of all V-ATPase complexes, including Ac45 (193) and the prorenin receptor (PRR; see below). ATP hydrolysis occurs at three catalytic sites located primarily in subunit A but at the interface of the A and B subunits (110). V-ATPases operate by a rotary mechanism in which ATP hydrolysis in the A 3 B 3 catalytic head causes rotation of a central stalk composed of subunits D and F of V 1 attached to subunit d of V 0 (65). Subunit d in turn is attached at the center of a 10-membered ring of proteolipid subunits (c 9 c") (232) . Each proteolipid subunit contains an essential buried glutamic acid residue that undergoes reversible protonation during proton transport (64). ATP-driven rotation of the central stalk causes rotation of the proteolipid ring relative to subunit a of the V 0 domain. Subunit a is a 100 kDa transmembrane protein containing an NH 2 -terminal cytoplasmic domain and a COOH-terminal hydrophobic domain containing eight transmembrane helices (212) . The NH 2 -terminal domain of subunit a together with subunits C and H provide a platform for attachment of the three peripheral stalks (each composed of an EG heterodimer) that hold the A 3 B 3 catalytic head in place during ATP-driven rotation of the central stalk (231) . The COOH-terminal domain of subunit a contains two proton-conducting hemi-channels that lead from the cytoplasmic side of the membrane to the membrane interior and from the membrane interior to the luminal (or extracellular) side of the membrane (197) . Protons enter from the cytoplasmic compartment through the first hemichannel in subunit a and protonate an essential glutamate residue on one of the proteolipid subunits. ATP-driven rotation of the proteolipid ring brings sequential proteolipid subunits into contact with this cytoplasmic hemichannel where they can undergo protonation. At the same time, rotation brings these protonated glutamate residues into contact with the luminal hemi-channel. Here, as a result of interaction with a positively charged arginine residue in subunit a (80), a proton from each glutamate is released into the luminal channel, which allows this proton to complete translocation to the luminal compartment. Thus ATPdriven rotational movement within the V-ATPase complex is converted into unidirectional proton transport across the membrane. It should be noted that the V-ATPase complex associates with a large variety of proteins, including hemeresponsive gene 1 (HRG1) (137), tumor metastasis suppressor gene 1 (TMSG1) (124), the PRR (105), synaptobrevin (128), ARNO/Arf6 (72), the Ragulator/Rag GTPase complex (233), transmembrane 9 superfamily protein member 4 (TM9SF4) (103), the HPV E5 oncoprotein (187) , and the glycolytic enzymes aldolase (106) and phosphofructokinase (190a). The functional significance of a number of these interactions is discussed in detail in later sections.
C. Regulation of V-ATPase Activity
Among the most important means of regulating V-ATPase activity in cells are reversible dissociation/reassembly and regulated trafficking (FIGURE 2). In mammalian cells, an increase in assembly of the V 1 and V 0 domains is observed in response to a number of stimuli, including elevated glucose concentrations (169) , amino acid starvation (190) , exposure to growth factors (219), dendritic cell maturation (99, 202) , and during viral infection (113). Increased assembly (and activity) at high glucose concentrations may allow the cell to more effectively rid itself of the additional metabolic acid generated by increased rates of glycolysis while decreased assembly at low glucose may conserve cellular stores of ATP. Increased assembly and activity in response to amino acid starvation may increase the rate of lysosomal protein degradation, raising the intracellular pool of free amino acids for essential uses (190) . The increased assembly observed in the presence of epidermal growth factor (EGF) has been hypothesized to be necessary to generate adequate levels of amino acids from acid-dependent protein breakdown in lysosomes to stimulate the mechanistic target of rapamycin complex 1 (mTORC1) (219), as will be discussed in further detail below. In dendritic cells, the increased assembly that occurs during maturation facilitates antigen processing by acid-dependent proteases within lysosomes (99, 202). For envelope viruses like influenza, increased assembly in early endosomes enhances acid-dependent fusion of the viral coat with the endosomal membrane, a step necessary for effective transfer of the viral RNA to the host cytoplasm (113). In mammalian cells, PI-3 kinase (PI3K) has been shown to be involved in increased assembly in response to elevated glucose, dendritic cell maturation, and upon viral infection (99, 113, 169), although amino acid-dependent modulation does not involve PI3K (190) . Interactions with the glycolytic enzymes aldolase and phosphofructokinase have also been proposed to regulate assembly of the pump (106, 195) . In addition, several proteins of the rabconnectin family have been shown to promote V-ATPase assembly and acidification (37, 172). These proteins are homologous to proteins that make up the RAVE complex, which is required for V-ATPase assembly in yeast (177, 184) .
A second mechanism of controlling V-ATPase activity is regulated trafficking, which occurs primarily in epithelial cells (FIGURE 2). Renal intercalated cells respond to decreased plasma pH by increasing the fusion of V-ATPaserich vesicles with the apical membrane (17) . Similarly, epididymal clear cells control the pH of the epididymal lumen by controlling the density of V-ATPases in the apical membrane through vesicle-mediated insertion and retrieval of pump-laden vesicles. In both of these systems, vesicle fusion and endocytosis of V-ATPase-containing vesicles is controlled through PKA-mediated phosphorylation, which is in turn modulated via a bicarbonate-sensitive adenylate cyclase (4, 145) . Knowledge of the structure and modes of regulation of V-ATPase activity will likely prove crucial in the development of drugs to control their activity in cancer cells.
II. V-ATPASES AND CELL SIGNALING

A. Role of the V-ATPase in Cell Signaling
The ability of cells to sense and respond to extrinsic and intrinsic cues relies on a complex network of cellular signaling pathways. When these pathways are altered, homeostasis cannot be maintained. This loss of normal homeostatic control underlies tumorigenesis and cancer progression. The V-ATPase plays both direct and indirect roles in the control of cellular signaling. Critical pathways of growth, survival, and differentiation that are frequently altered in cancer rely on the V-ATPase, highlighting the appeal of V-ATPase modulation as a therapeutic strategy. Control of vesicular pH by the V-ATPase is essential for proper signal-ing by many plasma membrane receptors that traffic through the endomembrane network, including Notch, Wnt, G protein-coupled receptors (GPCRs), and receptor tyrosine kinases (RTKs). We will first consider these cases, and then discuss the direct role of the pump in nutrient sensing and mTORC1 activation.
B. V-ATPase Functions in Plasma Membrane
Receptor Signaling and Recycling
Plasma membrane receptors, such as RTKs and GPCRs, stimulate intracellular pathways controlling growth, survival, and migration, and their misregulation is highly selected for in cancer development (156, 196) . Decreasing pH in the endovesicle system plays an important role in receptor signaling and recycling. EGF receptor and insulin receptor signaling rely on low endosomal pH for ligand dissociation and receptor trafficking (3). Treatment with V-ATPase inhibitors inhibits endosomal acidification and blocks proper receptor trafficking, and can prolong signaling of activated receptors that accumulate in endosomal compartments (3, 219) or lead to apoptosis (166) . GPCR signaling can also be regulated by endosomal pH changes. Parathyroid hormone (PTH) signaling is negatively regulated by decreasing pH. After internalization, as the activated receptor moves through the endocytic pathway, lower endosomal pH causes a shift in which proteins
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Glucose Viral infection Growth factors Active FIGURE 2. Regulation of V-ATPase activity. A: V-ATPase activity is regulated in vivo by reversible dissociation of the complex into its component V 1 and V 0 domains, which results in inactivation of the complex. In mammalian cells, regulated assembly occurs in response to a number of cues, including changes in glucose concentration, starvation of amino acids, exposure to growth factors, upon maturation of dendritic cells, and during infection of cells by influenza virus. PI3K is involved in controlling assembly in response to changes in glucose concentration, during dendritic cell maturation and during viral infection, but not in response to changes in amino acid levels. B: V-ATPase activity in epithelial cells in the kidney and epididymis is controlled by regulated trafficking of complexes to the apical membrane of these cells. In both systems, trafficking is controlled by PKA downstream of a bicarbonate-sensitive adenylate cyclase.
bind to the receptor. During active signaling, arrestin is bound, but at low pH, retromer binding is enhanced and PTH receptor signaling is turned off. V-ATPase activity promotes this shift, positioning it as a negative regulator of GPCR signaling (50).
C. V-ATPase and Wnt/␤-catenin Signaling
Wnt signaling controls many aspects of cellular function, influencing gene expression, polarity, movement, intracellular calcium levels, and proliferation during normal development as well as in cancer (6) . Wnt signaling requires V-ATPase function for proper trafficking and activation (FIGURE 3A). There are three classes of Wnt signaling. Each is initiated by binding of a Wnt ligand to its receptor Frizzled (Fz) in complex with a specific co-receptor (6) . The canonical Wnt signaling pathway involves the co-receptor LRP6 (6) . Binding activates the Fz-LRP6 receptor complex, which stimulates recruitment of the Disheveled protein and Axin from the ␤-catenin destruction complex. This results in stabilization of ␤-catenin (6). ␤-Catenin then accumulates, translocates to the nucleus, and promotes the transcription of Wnt target genes. Genetic or chemical inhibition of the V-ATPase blocks activation of the Wnt pathway by blocking the activating phosphorylation of the receptor following ligand binding (13, 27, 48, 182) . In addition, V-ATPase function is necessary for internalization of the receptor after ligand binding, which is required for complete receptor activation (14, 179, 221) . Furthermore, Rabconnectin 3, a positive regulator of the V-ATPase, is also necessary for Wnt signaling (205) . Rabconnectin knockout leads to an initial decrease in Wnt signaling due to impaired receptor activation. However, prolonged inhibition causes receptor accumulation and spatial disorganization within the plasma membrane due to defects in endocytosis, leading to upregulated signaling, highlighting the role of the V-ATPase in both receptor activation and trafficking (205) .
Additional evidence for the importance of the V-ATPase in Wnt signaling comes from its association with the PRR (also know as ATP6AP2). LPR6 and Fz interact strongly with PRR (13, 19, 27, 60) , which was initially discovered by its association with the V-ATPase (105). Subsequent work demonstrated that PRR, which may serve as an accessory subunit of the V-ATPase complex, functions as an adaptor between LRP6, Fz, and the V-ATPase (27) and is necessary for Wnt receptor localization and activation (13, 19, 27, 60) . PRR is essential for survival, even in organisms that do not express renin (5, 85, 97, 158) , indicating that its essential functions are not those associated with its role in the renin-angiotensin system. Instead, it appears to be crucial for coordinating the V-ATPase-Wnt interaction (85). Although the V-ATPase and PRR most often appear to be positive regulators of Wnt signaling, PRR can act as a repressor in some contexts (13) .
Because V-ATPase activity is required for receptor activation, it is also important for noncanonical Wnt signaling, which controls planar cell polarity through regulation of the cytoskeleton. Knockdown or overexpression of PRR leads to altered cell polarity and patterning defects in Drosophila (60). Similarly, knockdown of individual V-ATPase subunits causes morphological defects (60).
D. V-ATPase and Notch Signaling
Notch signaling is important in controlling cell fate and proliferation throughout development and adult life. This pathway is integrally linked to cancer stemness and metastatic potential (29, 42), and tumor expression correlates with poor survival (35). Like Wnt, Notch signaling relies on the V-ATPase for proper trafficking and activation (FIGURE 3B). The Notch receptor is a single-pass transmembrane protein expressed at the surface of signal-receiving cells. Receptor activation occurs after interaction of the receptor with a transmembrane ligand expressed on the plasma membrane of a juxtaposed cell (228) . Ligand binding to the extracellular domain stimulates processing of the receptor via successive proteolytic cleavage events that release the intracellular domain (NICD). The NICD translocates to the nucleus where it alters gene transcription to alter cell identity and growth (228) . Correct processing and trafficking of the Notch receptor requires V-ATPase function (40, 86, 155, 178, 206, 207, 223) . Notch receptor expression is also impaired by prolonged V-ATPase inhibition (198) . The first evidence for the involvement of the V-ATPase in Notch signaling came from studies in Drosophila, which demonstrated that mutations in V-ATPase genes or in Rabconnectin-3A and 3B, both regulators of V-ATPase function, diminished Notch signaling and altered receptor trafficking (206, 223) . Expression of the NICD rescued these effects, indicating that receptor processing was inhibited in mutant cells. In particular, S3 cleavage by ␥-secretase in early endosomes that releases the NICD was shown to be V-ATPase dependent (206, 223) . This cleavage defect upon V-ATPase inhibition could be due to the dependence of ␥-secretase on an acidic environment to cleave the Notch receptor, or it could be that the acidic pH generated by the V-ATPase serves to activate cofactors that stimulate cleavage. Similar effects were also observed in normal and transformed human cell lines, as well as during mouse development (86, 92, 178, 198) . In Notch-addicted breast tumor cell lines, V-ATPase inhibition reduced cell proliferation (86). However, while treatment of T-ALL cells with the V-ATPase inhibitor bafilomycin did reduce proliferation, there was no effect on Notch signaling, and the growth effects were attributed to alterations in Akt signaling (86). A recent study in endocrine-resistant breast cancer further links the upregulation of DMXL2, the human homolog of Rabconnectin-3, and subsequent activation of the VATPase, to Notch-driven epithelial to mesenchymal transition (EMT) (40). DMXL2 is upregulated in many ER␣ positive tumors that progress during treatment with endocrine therapy as well as in metastatic lesions (40). However, contrary to these previous studies, it was recently reported that inhibition of the V-ATPase increased Notch signaling in triple negative breast cancers. In this case, a similar accumulation of Notch receptors due to loss of lysosomal degradation is observed, but the consequence of this accumulation is persistent Notch signaling (143). Further studies will clarify the factors underlying this difference.
E. mTORC1 Activation and the Role of the V-ATPase in Nutrient Sensing
V-ATPase function is necessary for activation of mechanistic target of rapamycin complex 1 (mTORC1) (11, 30, 51, 74, 112, 190, 213, 219, 229, 233) . The mTOR pathway is one of the most frequently dysregulated pathways in cancer (93). mTOR, which is a protein kinase, nucleates two complexes, mTOR complex 1 and complex 2 (mTORC1 and 
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R a g u la to r Rags GTP Rheb GDP Lysosome GTP GDP mTORC2). mTORC1 is a central node of cellular signaling, receiving inputs from growth factor receptors, nutrient availability, and energy status. mTORC2 is involved in survival signaling, and its activity is independent of V-ATPase function, unlike mTORC1. The role of the V-ATPase in mTORC1 signaling is unique in that the pump directly contributes to signaling of the pathway, although the precise mechanism of its involvement is unknown. It was first reported that inhibition of the V-ATPase induced autophagy and caused accumulation of autophagosomes, a process repressed by mTORC1. Indeed, these authors observed that mTORC1 signaling was repressed by V-ATPase inhibition (112). Later work demonstrated that the V-ATPase functions as a critical component of the nutrient sensing machinery that signals amino acid sufficiency to mTORC1 (FIGURE 3C) (11, 36, 233) . During amino acid starvation, mTORC1 is primarily localized in the cytoplasm. When amino acids are present, mTORC1 is recruited to the surface of the lysosome by the RagGTPases (83, 168). Rag localization is controlled by the pentameric Ragulator complex, which is bound to the lysosomal membrane. The V-ATPase directly interacts with the Ragulator (30, 36, 233). Associations of the Ragulator with V 1 are strengthened during amino acid starvation, while association with V 0 is constant regardless of amino acid availability (233) . In the amino acid starved state, the Rags, Ragulator, and V-ATPase are tightly associated, and mTORC1 is excluded from the lysosome. After amino acid addition, the activating signal is somehow transmitted via the V-ATPase to the Ragulator, which alters its interaction with the RagGTPases to allow mTORC1 to be recruited to the lysosomal surface, where it is activated (11) .
It was recently demonstrated that V-ATPase assembly and activity in lysosomes are increased in response to amino acid starvation (190) . This effect appears to be unique from the amino acid-dependent change in the V-ATPase-Ragulator complex involved in mTORC1 activation for several reasons. First, amino acid starvation increases V-ATPase activity under conditions where mTORC1 activity is reduced (190) . Second, changes in V-ATPase activity in response to starvation of individual amino acids is variable and does not correlate with changes in mTORC1 activity under the same single amino acid starvation conditions (190) . Finally, the effects of chloroquine on these two processes are not consistent with a causal relationship between V-ATPase assembly and mTORC1 activity. Thus, while complete inhibition of V-ATPase activity prevents mTORC1 activation, the amino acid-dependent change in activity and assembly are not required for amino acids to stimulate mTORC1 activity (190) . Instead, it is possible that elevated assembly and activity of the V-ATPase in lysosomes leads to lower lysosomal pH, increased breakdown of proteins within lysosomes by acid-dependent proteases, and increased amino acid availability as a result of this increased lysosomal proteolysis (190) .
Amino acid availability is necessary but not sufficient for complete activation of mTORC1, which also receives inputs from many indicators of cell and organismal state, such as growth factors. Interestingly, the V-ATPase has been found to be involved in mTORC1 activation in response to a number of stimuli, including growth factors and GPCR activation (213, 219) . EGF was shown to increase V-ATPase activity by stimulating increased assembly (39). This increased V-ATPase activity led to increased lysosomal acidification and increased levels of essential amino acids in the cell, which is suggested to be important in EGF-induced stimulation of mTORC1. Cycloheximide, which inhibits translation and thus raises intracellular amino acid levels, appears to rescue the effect of bafilomycin on mTORC1 activation (219) . This is in contrast to a previous report that salicylamide A does inhibit cycloheximide-induced mTORC1 activation (233) . Stimulation of the GPCRs OX1R and OX2R by orexin also leads to activation of mTORC1 that is V-ATPase dependent (213) .
The V-ATPase-Ragulator complex is also implicated in activation of AMPK, a critical sensor of cellular energy which is activated during cellular stress and energy depletion (41). This suggests that the V-ATPase may be a crucial part of a metabolic switch (229) . The V-ATPase-Ragulator complex appears to serve as a docking site for activators of AMPK on the lysosome during glucose starvation. When the V-ATPase is knocked down, AMPK is not activated at low glucose concentrations. However, inhibition of the V-ATPase by concanamycin A treatment is suggested to induce the Ragulator-V-ATPase conformation found during starvation, leading to increased association of AMPK activators with the lysosomal components.
Lysosomes undergo a variety of changes during carcinogenesis. Cancer cells often display enhanced lysosomal biogenesis, lysosomal protease activity, and lysosomal trafficking towards the leading edge (53, 76, 164). Enhanced V-ATPase expression in cancer cells allows lysosomes to participate in processes critical to carcinogenesis. Interestingly, V-ATPase expression is also regulated by mTORC1 via the MiT/TFE family of transcription factors, MITF, TFE3, and TFEB (116). These highly related transcription factors are master regulators of lysosomal biogenesis, and their expression is largely tissue specific. TFEB is the best studied as a regulator of V-ATPase gene expression (146, 180) . Phosphorylation of TFEB by mTORC1 sequesters it in the cytoplasm. However, when mTORC1 activity is lost, TFEB translocates into the nucleus and stimulates transcription of genes necessary for autophagy and lysosome biogenesis, including V-ATPase genes (51, 84, 146, 180). Similar results have been found for melanocyte-specific family member MITF in primary melanocytes and melanoma cells (230) . Recent studies in Drosophila demonstrate that regulation of V-ATPase gene expression by MiT/TFE transcription factors is conserved (16, 198, 230) , and that control of lysosomal function by these factors plays an important role in cellular fate determination, particularly by influencing Notch signaling (198) .
Together, these studies emphasize the importance of the V-ATPase in the signaling network that maintains cellular homeostasis and that is often dysregulated during tumor formation.
III. V-ATPASES AND CELL DEATH
A. V-ATPases and Apoptosis of Cancer Cells
Induction of apoptosis by V-ATPase inhibition has been reported in both human and murine models encompassing many tumor types (31-33, 55, 67, 68, 112, 123, 129, 135, 139, 170, 171, 174). The V-ATPase plays essential roles in fundamental cellular processes, as detailed above. It is therefore not surprising that prolonged inhibition of V-ATPase activity is lethal to cells. However, there is evidence that cancer cells are particularly reliant on the V-ATPase for survival, exhibiting greater sensitivity to V-ATPase inhibition than nontransformed cells (12, 129, 135, 174) .
Poor vascular density of tumors, localized hypoxia, and increased glycolytic flux produce a high acid load in tumor tissue (28). V-ATPase activity is important for excretion of excess acid into the extracellular environment, thus maintaining a neutral cytosolic pH (24, 117, 134) . To aid this, V-ATPase expression on the whole may be upregulated (12) , or the pump may be localized to the plasma membrane through the expression of specific V-ATPase subunit a isoforms known to direct the pump to the cell surface (21, 63) . This activity contributes to reversal of the normal cellular pH gradient across the plasma membrane, specifically alkalinization of the cytosol and acidification of the extracellular space in tumor cells (181, 214) . This reversal allows cancer cells to evade apoptosis, and increases multidrug resistance, cell proliferation, and cell migration and invasion, which are discussed in detail below. Treatment with V-ATPase inhibitors causes loss of the pH gradient across the plasma membrane, increasing the external pH and decreasing the internal pH, leading to slowed growth and increased cell death (31). The V-ATPase is particularly important in hypoxic environments typical of solid tumors and early, poorly vascularized neoplasias, as evidenced by the finding that treatment with V-ATPase inhibitors increased hypoxia-induced cell death in breast cancer xenografts (55).
In addition to its role in cytosolic pH homeostasis, the VATPase is important for maintaining the pH of intracellular compartments. Dysregulation of protein synthesis and nutrient scarcity make cancer cells particularly prone to endoplasmic reticulum (ER) stress. During ER stress, Bax inhibitor-1 (BI-1) activates lysosomal activity to increase protein turnover as part of the unfolded protein response. Inhibition of the V-ATPase prevents this compensation, and cells undergo apoptosis (95). RTK signaling may also confer susceptibility to V-ATPase inhibition. In cells overexpressing the epidermal growth factor receptor (EGFR), addition of a V-ATPase inhibitor during stimulation of the receptor by EGF caused cell death (226) . This is likely due to an accumulation of activated EGFR-EGF complexes in endosomes that results in apoptosis (166) . In addition, indirect alteration of V-ATPase activity causes apoptosis. Interestingly, downregulation in gene expression, as with diphyllin treatment (182) , or increases in V-ATPase activity by disruption of microtubules (12) both cause apoptotic cell death, highlighting the necessity for precise V-ATPase regulation in maintaining cell viability.
Mechanistically, V-ATPase inhibition first stimulates an increase in reactive oxygen species (ROS) (32, 67, 112, 123, 170, 210). In RAW 264.7 murine leukemia cells, bafilomycin or concanamycin A treatment induced nitric oxide (NO) production via upregulation of NO synthase expression (67). Blocking the increase in ROS prevents mitochondrial depolarization and subsequent apoptosis (32, 67). While ROS production is a critical stimulus for apoptosis, it also serves as a positive signal to cytoprotective mechanisms, such as autophagy (112, 174) and activation of survival pathways, including induction of HIF1␣ (174), stimulation of Akt (170), and proteasomal degradation of proapoptotic factors (170) . V-ATPase inhibition can also induce protective MAPK inhibition (55). Blockage of such protective processes increases V-ATPase inhibition-induced apoptosis. In addition to ROS induction, V-ATPase inhibition induces an increase in lysosome pH, resulting in a compromise of lysosomal membrane integrity and a decrease in cytosolic pH (32, 112). Finally, mitochondrial membrane potential is lost and cytochrome c release activates intrinsic apoptosis pathways (32, 67, 112, 123, 174).
While the broad induction of apoptosis by V-ATPase inhibition makes it an attractive target for cancer therapy, it is important to note that V-ATPases can play a proapoptotic role. Endosomal acidification is important for TNF-related apoptosis-inducing ligand (TRAIL) signaling. Cotreatment of cells with TRAIL and V-ATPase inhibitors attenuates the apoptotic response (69), highlighting that rational application of V-ATPase inhibition will be necessary to best exploit it as a target in cancer treatment.
B. V-ATPases and Autophagy
Autophagy is induced during periods of starvation and stress. Autophagy involves the formation of double membrane vesicles (autophagosomes) that sequester cytoplasmic contents and deliver them to lysosomes, allowing recycling of their contents by degradative lysosomal enzymes. This process reduces cellular stress by degrading long-lived or damaged cellular components, including proteins and organelles. Additionally, it can provide cellular energy and building blocks during periods of nutrient deprivation and hypoxia (203, 222) . However, prolonged or overactive autophagy is detrimental and induces cell death (203, 174) .
Autophagy requires V-ATPase activity to support the activity of pH-dependent proteases and possibly lysosome/autophagosome fusion. Thus inhibition of the V-ATPase blocks autophagic flux (75, 79, 121, 122, 126, 133, 138, 220) . Furthermore, induction of autophagy involves upregulation of V-ATPase gene expression via the mTORC1-mediated activity of the TFE family of transcription factors (discussed above). This enables increased lysosomal biogenesis and function to support autophagy (16, 222) .
The role of autophagy in cancer is complex, as it has been implicated as both a tumor suppressive and tumor promoting mechanism. For example, reduction of autophagy is correlated with the accumulation of cellular stressors such as misfolded proteins, protein aggregates, and defective mitochondria. This can result in the generation of ROS, which damage DNA and thus may promote tumorigenesis (120, 203, 222) . Prolonged autophagy can also induce cell death (203, 174) . However, cancer cells can also utilize autophagy as a survival mechanism to cope with starvation, high metabolic demand, hypoxia, acidosis, and drug treatment. Autophagy promotes recycling of essential biomolecules that supports the energy demands of the tumor cell. The removal of damaged organelles and proteins also helps to prevent apoptosis by maintaining mitochondrial function and limiting the levels of ROS (222) . Autophagy is also induced upon treatment with anti-cancer agents, such as radiation and chemotherapy, as an attempt to avoid cell death (203) . In this sense, the V-ATPase may enhance tumor cell survival through its participation in autophagy. Interestingly, treatment with low concentrations of V-ATPase inhibitors induces autophagy in tumor cells, primarily as a means to prolong survival. However, prolonged treatment with low concentrations of V-ATPase inhibitors eventually results in apoptosis. Cell death occurs more rapidly when tumor cells are treated with a combination of V-ATPase and autophagy inhibitors (109, 174).
IV. V-ATPASES AND DRUG RESISTANCE
Multidrug resistance (MDR) presents a huge challenge in the successful treatment of cancer. Most cancer deaths are caused by recurrence or metastasis of tumors that have escaped initial treatment and have become drug resistant. MDR occurs through a number of mechanisms. Transporters, such as P-glycoprotein/MDR1, can be upregulated which allows cells to directly remove drugs from the cytoplasm. MDR can also be induced by changes in the normal pH gradient across the plasma membrane (183), which is significantly influenced by the activity of V-ATPases in the plasma membrane. Early work to understand physiological factors that could determine chemotherapeutic efficacy found that acidic extracellular pH reduced the ability of many drugs, particularly weak bases such as anthracyclines, to effectively kill cancer cells (15, 44, 62, 211) . Mechanistically, at low pH, these drugs are protonated and lose the ability to enter cells or become trapped inside acidic vesicles within the cell, thus protecting the DNA of the tumor cell from the action of the drug (44, 62). Furthermore, cytosolic pH is highly correlated with response to chemotherapy (81). Indeed, an alkaline cytosolic pH and acidic extracellular pH is common across tumors and has been proposed to be a new hallmark of cancer (181, 214) .
Mechanistic characterization of how cells develop and maintain an alkaline cytosolic pH despite an abnormally acidic extracellular pH has highlighted the important role of the V-ATPase in this process. It was first observed that treatment of resistant cells with a V-ATPase inhibitor allowed vincristine or doxorubicin to accumulate within the cell and prevented drug efflux out of the cell from occurring (114). While resistant cells exhibited robust V-ATPase activity at the plasma membrane, this was in part due to endomembrane exocytosis, facilitating the release of vesicle contents, including sequestered chemotherapy drugs, into the extracellular environment (118, 153). Additionally, inhibition of the V-ATPase decreases cytosolic pH, which hinders drug sequestration and enhances cell killing (98).
FUNCTION OF V-ATPASES IN CANCER
The V-ATPase is commonly activated in drug-resistant settings. Lung and esophageal tumors expressing higher levels of V-ATPase were more likely to be drug resistant (71, 107). Similarly, high expression in ovarian tumors was associated with worse survival outcomes (96). Some cancer stem cells are highly drug resistant and are reported to express high levels of V-ATPase genes (167) . V-ATPase expression increases in response to drug treatment, which is accompanied by an increase in cellular pH and lysosomal drug accumulation (70, 131, 199) . In vitro binding studies found that cisplatin binds DNA with much higher affinity at lower pH (131). In the case of the gene encoding the small c subunit, upregulation in response to drug treatment can be caused by an increase in transcription or enhanced mRNA stability (199) . However, it is important to note that expression of V-ATPase genes does not always correlate with drug resistance, even when cotreatment with V-ATPase inhibitors and chemotherapies overcomes resistance (8) . Expansion of the lysosomal compartment has also been observed to correlate with drug resistance due to the increased capacity to sequester drugs. In cells with this phenotype, V-ATPase inhibition can restore drug sensitivity (111, 142).
Cancer cells upregulate V-ATPase activity directly and also modify V-ATPase regulatory effectors. TMSG1 (also known as LASS2) interacts directly with the V-ATPase and acts as a negative regulator (39, 124, 217, 218). Its expression is downregulated in drug-resistant breast cancer cells, and overexpression increases chemosensitivity (38). In patients, low TMSG1 expression is correlated with poor prognosis (38). As mentioned above, DMXL2 is a positive regulator of V-ATPase activity (178) . In ER␣ϩ breast cancer patients, a molecular subtype which makes up ϳ70% of all breast cancers, DMXL2 is upregulated in the 40% of these patients who continue to progress on therapy (40). Targeting the transmembrane protein TM9SF4, another positive enhancer of V-ATPase activity, increases drug sensitivity (103).
Combining V-ATPase inhibition and cytotoxic drugs overcomes the protective change in pH and causes synergistic killing (70, 96, 131, 167, 199, 227) . The combination is effective in resistant lines, but does not enhance drug efficacy in sensitive lines (96). Combination of V-ATPase inhibition with targeted therapy can also overcome resistance, inducing apoptosis and inhibiting reactivation of the targeted pathway (173) . Pretreatment of cells exhibiting MDR in vitro as well as cancer cells in mouse xenograft models with acid-activated proton pump inhibitors before administration of chemotherapeutic drugs caused a large and significant increase in cell killing, increased extracellular and lysosomal pH, and improved retention of drugs within the cell (104). Importantly, cotreatment did not have the same effect, suggesting that timing of V-ATPase inhibition and drug treatment may be important in employing this strategy (32, 104).
Manipulation of tumor pH may present a significant therapeutic opportunity in overcoming drug resistance. Inhibiting the V-ATPase interferes with an important mechanism by which cells can escape drug toxicity, namely, the sequestration of drugs in the extracellular environment or in acidic intracellular vesicles.
V. V-ATPASES AND TUMOR METASTASIS
A. Expression and Localization of V-ATPases in Tumor Cells
V-ATPases were first identified as participating in the control of both cytoplasmic and lysosomal pH in a variety of human tumor cell lines from functional studies using fluorescent pH indicators that localized to specific cellular compartments (117 (23, 101) . V-ATPase subunit overexpression has also been observed in breast, lung, and esophageal cancer tissues (59, 71, 107). The 100 kDa V 0 subunit a, which is present in four isoforms in mammalian cells (a1-a4) and is responsible for localizing the V-ATPase to specific membranes within the cell, has also been found to be overexpressed in a number of cancer cell types, and will be discussed further below.
As these studies did not report the expression levels of multiple subunits of the V-ATPase, it is possible that several (or all) of the V-ATPase subunits are overexpressed in these contexts. Alternatively, overexpression of a single subunit may have important implications in tumor cells. For example, alteration in the expression of the subunit a isoforms could alter V-ATPase localization. Interestingly, a recent study has found that overexpression of the V 1 G1 subunit in glioblastoma samples correlates with poor survival. The remaining V-ATPase subunits were not overexpressed in these samples (33). It is important to note that it is unknown whether overex-pression of a single subunit results in increased V-ATPase activity. This would suggest that the overexpressed subunit is limiting for activity and that the other subunits are present in excess.
Future work is required to assess the expression patterns of multiple subunits in cancer tissues as well as whether activity can be modulated through variations in expression of a single subunit. While it is known that TFEB and Mitf regulate V-ATPase subunit gene expression (discussed above), additional factors may be involved, and these need to be identified and characterized. Furthermore, genetic alterations may also lead to subunit overexpression via amplification of V-ATPase genes. This may occur due to selection for increased subunit expression, or possibly through expansion driven by selection for amplification of nearby cancer related genes. For example, the gene encoding the a3 isoform of subunit a is on the long arm of chromosome 11 near the gene encoding cyclin D1, which is frequently amplified across tumor types (132).
B. V-ATPases Are Important for Tumor Cell Invasion and Migration
The 
C. Function of a Subunit Isoforms and Plasma Membrane V-ATPases in Tumor Cell Invasion and Migration
Because the available V-ATPase inhibitors, such as concanamycin A, bafilomycin, and archazolid, are all membrane permeable, treatment of cells with these inhibitors reduces the activity of both intracellular and plasma membrane VATPases. A similar limitation applies to studies in which expression of subunits common to all V-ATPases, such as subunit c, is reduced by treatment of cells with siRNA. These studies are therefore unable to determine whether intracellular or plasma membrane pumps, or both, are critical for cancer cell invasion and migration in vitro. Evidence for a role of plasma membrane V-ATPases in breast cancer cell invasion was first provided through studies examining the expression and function of isoforms of subunit a of the V 0 domain. The cytoplasmic NH 2 -terminal domain of subunit a is responsible for localizing the pump to specific cellular membranes (80). It has been shown that the subunit a isoforms a3 and a4, which localize the pump to the plasma membranes of osteoclasts and renal intercalated cells, respectively, are upregulated at the mRNA level in invasive MB231 breast cancer cells relative to noninvasive MCF7 cells (63, 140, 185, 186, 200, 201) . Significantly, MB231 cells show reduced invasiveness when a3 and a4 are knocked down by isoform-specific siRNAs, and loss of a4 reduces localization of the V-ATPase at the plasma membrane (63). A more recent study has found that subunit a3 is overexpressed in invasive MCF10CA1a breast cancer cells relative to MCF10a breast epithelial cells and that siRNAmediated knockdown of a3 again reduces in vitro invasiveness (21) . Importantly, overexpression of a3 in the noninvasive MCF10a cell line increases both invasiveness and localization of the V-ATPase to the plasma membrane (21) . These results suggest that overexpression of specific a subunit isoform a3 by invasive breast cancer cells increases trafficking of V-ATPases to the plasma membrane where they enhance tumor cell invasion (FIGURE 4). Moreover, these findings are not limited to breast cancer cells. For example, a3 is expressed on the plasma membrane of invasive pancreatic cells and has been shown to be involved in the invasion and migration of melanoma cells (23, 136) . Furthermore, a recent study that examined the role of a2 in ovarian cancer also demonstrated significant overexpression of a3 in ovarian cancer tissues relative to normal samples (90). Similarly, a4 is overexpressed in human glioma samples and is required for glioma cell migration and invasion (52). While studies thus far suggest that overexpression of subunit a isoforms can alter V-ATPase localization and enhance invasiveness in cancer cells, the mechanism by which these isoforms are upregulated is poorly understood. Additionally, the localization patterns of subunit a isoforms in cancer cells remain uncertain due to the scarcity of reliable, isoform-specific antibodies.
FUNCTION OF V-ATPASES IN CANCER
These studies do not distinguish between the direct participation of particular a subunit isoforms in targeting of VATPases to the plasma membrane and a more indirect role in which V-ATPases within intracellular compartments participate in trafficking events that are necessary for correct targeting of V-ATPases to the cell surface. To distinguish between these possibilities, a recent study tested the effect of specific ablation of plasma membrane V-ATPase activity using either an inhibitory antibody or a membraneimpermeant small molecule inhibitor (24) . The results show that selective inhibition of plasma membrane V-ATPase activity inhibits the invasion and migration of MB231 cells (24) , thus providing strong support for an important functional role of cell surface V-ATPases in these processes. Nevertheless, it remains possible that intracellular pumps may also function in invasion or migration of cancer cells. For example, general V-ATPase inhibition reduced invasiveness of poorly metastatic prostate cancer cells with low plasma membrane V-ATPase expression (114).
D. Mechanism of V-ATPase Promotion of Tumor Cell Invasion and Migration
The mechanisms by which V-ATPases contribute to cancer cell migration and invasion have yet to be fully elucidated, although several hypotheses exist. One possibility is that V-ATPases promote the activity of acid-dependent proteases that are involved in invasion (24, 46) (FIGURES 4 AND 5). Such proteases may either directly cleave the extracellular matrix necessary to escape a primary tumor or to invade a new site or activate other proteases that participate in these processes. Two important classes of proteases that have been implicated in tumor metastasis are cathepsins and matrix metalloproteases (MMPs). Cathepsins are proteases that normally reside in lysosomes and that require a low pH for both their activity and their proteolytic activation (115, 180, 190) , while MMPs, although not directly pH dependent, can nevertheless be activated at low pH, in particular by cathepsin-dependent cleavage (83, 166, 190) . A possible mechanism by which V-ATPases may promote cancer cell migration is through interaction with the actin cytoskeleton. V-ATPase subunits have been shown to interact or colocalize with actin in a variety of cell types, including invasive breast cancer cells (18, 20, 62, 85, 186, 209) . Furthermore, loss of subunit C of V 1 disrupts proper actin arrangement in breast cancer cells (20) . It remains unclear whether pharmacological inhibition of the V-ATPase alters pump-actin interactions and actin arrangement. In microvascular endothelial cells, plasma membrane V-ATPases have been speculated to contribute to migration by localizing to the leading edge, where they could promote actin polymerization by creating a local alkaline cytosolic pH (142). It is possible that plasma membrane V-ATPases may contribute to cancer cell migration in a similar manner. Alternatively, V-ATPases may facilitate the proper localization of factors involved in cell migration. For example, treatment of SKBR3 breast cancer cells with specific V-ATPase inhibitors alters the proper localization of Rac1 and EGFR, both of which are involved in cell migration (191) . Finally, the VATPase has been implicated in regulating membrane potential, which in turn could alter ion channel conductance. V-ATPase activity at the plasma membrane may alter calcium influx into the cell, which has been linked to enhanced migratory capability (FIGURE 4) (42, 152).
Interactions with other cellular targets may also be important in the function of V-ATPases in tumor cell invasion and migration. It has been suggested that TMSG1 interacts with and inhibits V-ATPase activity (39, 112, 193, 194) . In Mechanisms by which the V-ATPase enhances tumor cell invasiveness and survival. The primary mechanism by which the V-ATPase is thought to promote tumor cell invasion is through the promotion of extracellular pH-dependent protease activity. Intracellularly, V-ATPase-mediated acidification of intracellular compartments may allow for activation of proteases that are then trafficked to the cell surface. V-ATPases localized to the plasma membrane of cancer cells upon upregulation of the subunit a isoforms a3 or a4 may create an acidic microenvironment that allows for activation of pH-dependent proteases and/or enhances pH-dependent protease activity outside of the cell. Enhanced plasma membrane V-ATPase activity also increases acid secretion out of the cytosol. This is important for tumor cell survival as tumor cells generate large amounts of metabolic acid due to their reliance on glycolytic metabolism and are able to survive in highly acidic microenvironments.
breast cancer cells, overexpression of TMSG1 decreases VATPase activity, reduces cell growth, and inhibits in vitro invasion and migration (39, 112). In poorly metastatic prostate cancer cells, silencing of TMSG1 increases V-ATPase activity, in vitro invasion and migration, and in vivo lymph node metastasis (193, 194) . The mechanisms by which TMSG1 regulates V-ATPase activity are not yet understood. In contrast to TMSG1, the HRG-1 protein has been reported to interact with and promote V-ATPase activity. HRG-1 colocalizes with the V-ATPase at the plasma membrane of invasive, but not noninvasive, cancer cells. Loss of HRG-1 reduces V-ATPase expression at the plasma membrane and reduces the in vitro invasion, extracellular acidification, and extracellular protease activity of MB231 breast cancer cells. Conversely, HRG-1 overexpression enhances the invasiveness of noninvasive MCF7 breast cancer cells (45). Finally, the transmembrane protein TM9SF4 has been shown to interact with the V-ATPase and modulate activity through regulation of pump assembly. Silencing of TM9SF4 in colon cancer cells reduces in vitro invasiveness (103). Thus the roles of V-ATPases in promoting tumor cell invasion and migration may be complex, and additional studies will be required to fully elucidate these roles.
VI. V-ATPASE AS A DRUG TARGET
The observations that V-ATPase inhibition reduces in vitro invasion and migration of a variety of cancer cell types and that the pump is involved in signaling, growth, survival, and drug resistance of cancer cells suggest that the V-ATPase represents an important and novel anti-cancer target (FIG-URE 6) . A limited number of studies have examined the effects of V-ATPase inhibition on in vivo cancer growth and metastasis. In a mouse model of liver cancer, knockdown of subunit c of V 0 resulted in reduced primary tumor growth and decreased intrahepatic and pulmonary metastasis (99, 192) . Treatment of mice with the V-ATPase inhibitor archazolid dramatically reduced the ability of intravenously injected 4T1 breast cancer cells to colonize the lung (191) . Similarly, 4T1 cells pretreated with archazolid have a reduced ability to disseminate to the lung after tail vein injection in mice (150) . Knockdown of subunit C of V 1 in 4T1 cells implanted into the mammary fat pad of mice reduced tumor formation; decreased metastasis to the lung, liver, and bone; and improved mouse survival after xenograft (43). Finally, knockdown of subunit a3 in a mouse model of melanoma significantly reduces metastasis to both the lung and bone, highlighting the importance of the subunit a isoforms in cancer cell invasion and migration (121). inhibitors is lethal to all mammalian cell types (54, 73, 78). However, cancer cell survival has been reported to be more sensitive to V-ATPase inhibition than that of normal cells (10, 116, 120, 154) , likely due to their heavy reliance on V-ATPases to remove the large amount of metabolic acid generated by the extensive glycolytic metabolism that occurs in cancer cells. Furthermore, patients with the genetic disease X-linked myopathy with excessive autophagy (XMEA), which is caused by a mutation in a V-ATPase chaperone protein required for assembly of V 0 , exhibit a global reduction in V-ATPase activity of 70 -90%. Despite this, patients typically only have defects in skeletal muscle function. This suggests that most normal cells may be able to survive and function with reduced V-ATPase activity during cancer treatment (134). In this sense, treatment with low doses of available V-ATPase inhibitors may represent a safe and effective anti-cancer treatment. This study also highlights the possibility of targeting dedicated V-ATPase chaperones required for assembly of the complex in the development of drugs that reduce V-ATPase activity.
It may also be feasible to reduce the tumorigenic effects of the V-ATPase by repurposing already available drugs. For example, proton pump inhibitors such as omeprazole are commonly used in the clinic and have been shown to reduce V-ATPase activity (104). Additionally, chloroquine, a weak base that neutralizes acidic compartments, is often used as a treatment for malaria. It is feasible that chloroquine treatment could dissipate the effects of enhanced intracellular V-ATPase activity in cancer cells, allowing for inhibition of autophagy, induction of apoptosis, and reduced sequestration of weakly basic chemotherapeutic agents (144) .
It is noteworthy that V-ATPases containing particular isoforms of subunit a (especially a3 and a4, which target VATPases to the plasma membrane) are critical for the invasiveness of certain cancer cells (19, 22, 59, 121) . Plasma membrane V-ATPases are found primarily in specialized cell types, including osteoclasts, renal intercalated cells, and epididymal clear cells (16, 176) . Membrane-impermeable V-ATPase inhibitors designed to specifically inhibit plasma membrane V-ATPases would thus be expected to have much more restricted and manageable side effects in cancer patients than membrane-permeable inhibitors, which would have access to all V-ATPases in the cell. With respect to isoforms of subunit a, the phenotypic consequences of complete disruption of a3 and a4 are known from genetic studies; loss of a3 leads to osteopetrosis (5, 122, 172) , whereas loss of a4 leads to renal tubule acidosis (167, 184) . Renal tubule acidosis is treatable by maintenance of adequate levels of plasma bicarbonate (141). Calcium homeostasis is a major concern of osteopetrosis. Osteopetrosis patients are thus typically treated with calicitrol to help manage proper calcium levels (82, 102). Impairment of osteoclast function through inhibition of a3-containing VATPases may be also beneficial for the treatment of cancers such as breast cancer that commonly undergo osteolytic metastasis to the bone, a process that relies on osteoclast function (199) . Thus a3 and a4 containing V-ATPases represent particularly attractive and viable drug targets for the development of anti-cancer therapeutics. As noted above, to counteract the induction of prosurvival pathways by aggressive cancer cells after V-ATPase inhibition, combination treatment may be needed to optimize the anti-metastatic effect of such drugs in vivo (55). Further studies are required to determine how the V-ATPase can be effectively and safely targeted to prevent cancer cell growth, drug resistance, and metastasis. 141. Otero-Rey EM, Somoza-Martín M, Barros-Angueira F, García-García A. Intracellular pH regulation in oral squamous cell carcinoma is mediated by increased V-ATPase activity via over-expression of the ATP6V1C1 gene. Oral Oncol 44: [193] [194] [195] [196] [197] [198] [199] 2008 . 
